Abstract The high in vivo flux of the glutamate/glutamine cycle puts a strong demand on the return of ammonia released by phosphate activated glutaminase from the neurons to the astrocytes in order to maintain nitrogen balance. In this paper we review several amino acid shuttles that have been proposed for balancing the nitrogen flows between neurons and astrocytes in the glutamate/glutamine cycle. All of these cycles depend on the directionality of glutamate dehydrogenase, catalyzing reductive glutamate synthesis (forward reaction) in the neuron in order to capture the ammonia released by phosphate activated glutaminase, while catalyzing oxidative deamination of glutamate (reverse reaction) in the astrocytes to release ammonia for glutamine synthesis. Reanalysis of results from in vivo experiments using 13 N and 15 N labeled ammonia and 15 N leucine in rats suggests that the maximum flux of the alanine/lactate or branched chain amino acid/branched chain amino acid transaminase shuttles between neurons and astrocytes are approximately 3-5 times lower than would be required to account for the ammonia transfer from neurons to astrocytes needed for glutamine synthesis (amide nitrogen) to sustain the glutamate/glutamine cycle. However, in the rat brain both the total ammonia fixation rate by glutamate dehydrogenase and the total branched chain amino acid transaminase activity are sufficient to support a branched chain amino acid/branched chain keto acid shuttle, as proposed by Hutson and coworkers, which would support the de novo synthesis of glutamine in the astrocyte to replace the *20 % of neurotransmitter glutamate that is oxidized. A higher fraction of the nitrogen needs of total glutamate neurotransmitter cycling could be supported by hybrid cycles in which glutamate and tricarboxylic acid cycle intermediates act as a nitrogen shuttle. A limitation of all in vivo studies in animals conducted to date is that none have shown transfer of nitrogen for glutamine amide synthesis, either as free ammonia or via an amino acid from the neurons to the astrocytes. Future work will be needed, perhaps using methods for selectively labeling nitrogen in neurons, to conclusively establish the rate of amino acid nitrogen shuttles in vivo and their coupling to the glutamate/glutamine cycle.
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Introduction
Over 90 % of neurons in the mammalian cerebral cortex are glutamatergic or GABAergic [1] and depend on neurotransmitter trafficking with astrocytes to maintain neurotransmitter homeostasis. Because neurons do not express pyruvate carboxylase [2, 3] the glutamate or GABA molecules released from neurons must be replaced by a five or four carbon molecule derived from astrocytes for neurotransmitter resynthesis. Glutamine is believed to be the main compound released by the astrocytes for neurotransmitter repletion of glutamate and GABA. The pathways in which neuronal glutamate or GABA is released in neurotransmission, taken up by astrocytes, converted to glutamine, and released for neuronal uptake are called the glutamate/glutamine and GABA/glutamine cycles [4] [5] [6] [7] [8] [9] [10] . Figure 1a shows a diagram of the glutamate/glutamine cycle. In this cycle released neurotransmitter glutamate is transported into the astrocytes using sodium coupled transporters [11] , and converted to glutamine by the enzyme glutamine synthetase (GS) in a reaction requiring ATP and ammonia. The glutamine is then released by astrocytes through SN-type glutamine transporters into the extracellular fluid for uptake by neurons through SA-type glutamine transporters. In the neuron glutamine is converted into glutamate and ammonia by the action of phosphate activated glutaminase (PAG). GS and PAG catalyze the following reactions in the neurons and astrocytes respectively:
Astrocyte Glutamate þ NH 3 + ATP À! GS Glutamine þ ADP þ P i ð2Þ GS, which catalyzes the conversion of glutamate to glutamine, is expressed in astrocytes and not in neurons [12] . This compartmentalization of GS in astrocytes is consistent with the function of astrocytes, as consumers of glutamate, in functional glutamate trafficking [13] . PAG, which catalyzes the conversion of glutamine to glutamate and ammonia, is expressed in both neurons and astrocytes [14, 15] , but is primarily active in neurons [16, 17] which is also supported by experimental data in vivo [18] [19] [20] [21] .
From the standpoint of carbon mass balance the flow of glutamate from the neuron to the astrocyte is balanced by the reverse flow of glutamine to the neuron. However due to glutamine having two nitrogens the cycle leaves the astrocyte with a shortfall of one nitrogen atom per molecule glutamate (Fig. 1a) . Therefore the maintenance of nitrogen homeostasis requires a mechanism to replace the nitrogen lost by the astrocytes. Research findings over the last two decades have shown that the glutamate and GABA neurotransmitter cycles operate at high rates, approaching cellular rates of oxidative metabolism. Prior to these findings, rates of neurotransmitter cycling were considered to be relatively small compared with synthetic fluxes requiring nitrogen (e.g. the rate of ammonia entry from the blood into the brain) so that no special mechanism for transferring ammonium produced in the neuron back to the astrocyte was needed. However, studies in the 1990s of human and rodent brain by in vivo 13 C MRS reported high rates of cerebral glutamine labeling from 13 C glucose infused into the blood [22, 23] . Although the results were unclear at first whether the high rate of glutamine synthesis reflected neurotransmitter cycling or ammonia detoxification, subsequent experiments using a variety of approaches showed that under normal physiological conditions the large majority (*80 %) of glutamine synthesis reflected neurotransmitter cycling and the direct conversion of glutamate released by neurons into glutamine [18, 19, 21, [24] [25] [26] [27] [28] [29] [30] [31] [32] . As discussed in ''Amino Acid Shuttles for Maintaining Nitrogen Balance'' most of the remaining 20 % is likely to reflect glial glutamate oxidation and resynthesis of glutamine to maintain glutamate neurotransmitter homeostasis.
The rate of the glutamate/glutamine cycle appears tightly coupled to cerebral energy metabolism and electrical activity. In 1998 Sibson and coworkers showed that in the rodent cerebral cortex the rate of the glutamate/glutamine cycle was directly proportional to the rate of neuronal glucose oxidation above isoelectricity with a slope of *1:1 [26] . Figure 2 shows a plot summarizing the rates of the glutamate/glutamine cycle and neuronal glucose oxidation from 11 studies where cortical activity has ranged from isoelectricity to the awake condition [33] . In the awake state the glutamate/glutamine cycle operates at close to 80 % of the rate of neuronal glucose oxidation when glucose is the fuel source for the TCA cycle. Similarly, the human cerebral cortex has been found to undergo a high rate of glutamate/ glutamine cycling [19, 24, 27, 28, 34, 35] . This high rate of neurotransmitter cycling creates a significant challenge to maintain nitrogen balance between astrocytes and neurons.
Several mechanisms have been proposed for the shuttling of ammonia from neurons to astrocytes from the free diffusion of ammonia as NH 3 gas (Fig. 1a) to pathways where the nitrogen is carried between cell types by amino acid shuttles that work in parallel with the glutamate/glutamine neurotransmitter cycle. These shuttles include the branched chain amino acid/branched chain keto acid (BCAA/BCKA) shuttle (Fig. 1b) , and the lactate/alanine shuttle (Fig. 1c) . In addition hybrid cycles have been proposed in which the nitrogen shuttling function is provided by neuron-released glutamate and TCA cycle intermediates released by the astrocyte [36] . In the discussion below we describe these nitrogen transport shuttles and assess the evidence that they can account for the large nitrogen flux between neurons and astrocytes coupled to brain activity. We also evaluate whether there is in vivo evidence that these cycles can replete the portion of the glutamate/ Fig. 1 Proposed variants of the glutamate/glutamine cycle for shuttling ammonia between the neurons and astrocytes. a Ammonia diffusion; b BCAA/ BCKA shuttle; c alanine-lactate shuttle. Reproduced with permission from Maciejewski and Rothman [36] . Descriptions of each variant are provided in the text glutamine cycle coupled to glutamate oxidation as originally suggested by Hutson et al. [37] .
Evidence for Ammonia Transfer Between Neurons and Astrocytes by Free Diffusion
The simplest mechanism by which ammonia can be transferred from neurons to astrocytes is by free diffusion of the gas NH 3 form [38, 39] . This mechanism and its coupling to the glutamate/glutamine cycle are shown in Fig. 1a . The balance equations for the series of reaction steps depicted in Fig. 1a are shown below: A and N represent astrocytic and neuronal, respectively.
Transfer NH 3N À!
Vcycle

NH 3A ð5Þ
Transfer Glutamate N À!
Vcycle
Glutamate A ð6Þ
In this series of reactions ammonia released in the neuron by the action of PAG on glutamine (Eq. 4) diffuses as a gas to the astrocyte (Eq. 5) where it is used in the resynthesis of glutamine from glutamate (Eq. 7). In parallel a glutamate molecule is released by the neuron through vesicular mediated mechanisms and taken up using sodium coupled transporters which in the cerebral cortex are much higher in activity in astrocytes than neurons resulting in most of the glutamate flowing into the astrocytes (Eq. 6) [11, 40] .
Under in vivo conditions (pH 6.8-7.0) and for a pKa of *9.2 ammonia exists mainly (99 %) as the conjugate acid, NH 4 ? so that once in the astrocyte the NH 3 will equilibrate taking up a proton (Eq. 8).
However, plasma membrane transport of NH 4
?
(believed to ride the K ? transporter) is commonly viewed to be much slower than diffusion of NH 3 , and studies suggest NH 3 gas diffusion is the main transport mechanism for ammonia from blood to brain [41] . Nitrogen balance is maintained provided the rate of net ammonia diffusion (V NH3 ) being equal to the rate of glutamate transfer from the neuron (V cycle ), glutamine synthesis (V GS ), glutamine transfer to the neuron (V cycle ) and the rate of neuronal PAG (V PAG ). This equality can be written as (Eq. 9)
Ammonia diffusion from the neuron (Eq. 5), must be coupled to neuronal activity (V cycle ) (Eq. 6), in order for nitrogen mass balance to be maintained.
At present there is no direct evidence that ammonia diffusion from the neuron to the astrocyte takes place at the rate of the glutamate/glutamine cycle [42] . Indirect evidence for nitrogen transfer by diffusion of ammonia from the neurons to the astrocytes comes from studies that found an increase in astrocytic pH during stimulation [43, 44] . This increase is expected if there is an increase in ammonia gas entry because it will absorb protons in the conversion to NH 4 ? [45] . However intracellular pH regulation is complex and there are other potential explanations for these findings. Some evidence from cell studies under conditions of elevated (*1 mM and higher) extracellular ammonia concentrations suggests that NH 4 ? transport into astrocytes may occur at rates high enough to support GS for the glutamateglutamine cycle [45] . However at present it is not known whether ammonia diffusion is sufficient at normal brain concentrations of *0.3 mM to support the high neuron to astrocyte flux needed by neurotransmitter cycles. As described below alternate mechanisms have been proposed involving neuron-to-astrocyte shuttles using amino acids. [26] ) plotted versus V cyc reported from 12 published studies at activity levels ranging from awake to isoelectricity [26, 31, 32, 97, [108] [109] [110] [111] [112] [113] [114] [115] . Regression analysis yields a slope of 0.97 (R 2 = 0.94) and an intercept of 0.5 * V TCAn of 0.097 at isoelectricity (V cyc * 0), values similar to those found in the original 1998 study by Sibson et al. [26] . In the case of Ref. [114] for both anesthetized and awake state, values of V TCAn were calculated from the time constants reported for glutamate turnover during a glucose infusion. The ratio of glutamate to glutamine steady state fractional enrichment during [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] acetate infusion was used to calculate V cyc using the equation described in Lebon et al. [19] . Symbols: anaesthetized (filled circle), awake (open circle), seizures (filled triangle)
Amino Acid Shuttles for Maintaining Nitrogen Balance
Alternative mechanisms for transferring ammonia nitrogen released by neuronal PAG activity back to astrocytes for glutamine synthesis have been proposed which involve the incorporation of ammonia into amino acids such as alanine, branched chain amino acids, or glutamate followed by their transport to astrocytes. An advantage that amino acid shuttles have over free ammonia diffusion is that they involve specific transport of the species involved and therefore in principle can be used to more directly target the ammonia nitrogen flux from neurons to the astrocytes that require it or glutamine synthesis. All amino acid shuttles require the coordinated activity of PAG, GS, the forward activity of glutamate dehydrogenase (GDH) (reductive amination of 2-oxoglutarate (2-OG) to form glutamate) in the neuron and the reverse activity of GDH (oxidative deamination of glutamate) in the astrocyte to balance the nitrogen flows of the glutamate/glutamine cycle. In this section we describe three proposed amino acid shuttles and later review the evidence for their activity in vivo.
BCAA/BCKA Shuttle
The first amino acid shuttle proposed for transferring ammonia nitrogen released by neuronal PAG back to the astrocyte for glutamine synthesis is the BCAA/BCKA shuttle [46] [47] [48] . Figure 1b shows a schematic of this shuttle coupled to the glutamate/glutamine cycle with nitrogen and carbon flows [36] . The reaction equations for the shuttle and the glutamate/glutamine cycle are given below:
Transfer BCKA A À!
Vcycle
BCKA N ð14bÞ
Vcycle
Glutamate A ð15Þ
In this mechanism ammonia released by PAG is incorporated into neuronal glutamate by the forward action of GDH (Eq. 12). The ammonia is then transferred from glutamate to the amino group of a BCKA via cytosolic BCAA transaminase (BCAT c ) (Eq. 13) [48] [49] [50] . The resultant BCAA (isoleucine, leucine, or valine) is transported out of the neuron, using large neutral amino acid transporters [51] or specific sodium coupled transporters such as SBAT1 [52] , at a rate equal to Vcycle and taken up by the astrocyte. In the astrocyte the BCAA undergoes transamination with 2-OG via the mitochondrial BCAT m transferring the nitrogen to glutamate (Eq. 16) [48] . The ammonia is then released from glutamate by GDH acting in the reverse direction (Eq. 17), followed by incorporation into glutamine via GS (Eq. 18).
Examination of (Eq. 10-18) shows that the carbon and nitrogen flows between neurons and astrocytes are balanced. For every glutamine that carries two atoms of nitrogen from the astrocyte two atoms of nitrogen reenter the astrocyte in the form of glutamate and a branched-chain amino acid. Carbon balance is maintained provided that the BCKA lost by the neuron is replaced by a BCKA derived from the astrocyte (Eq. 14b). Because of the reciprocal directions of the GDH reactions in the neuron and astrocyte, for each complete cycle neurons produce and astrocytes consume one redox equivalent, respectively [36] . This process can be accommodated by the coordinated actions of the malateaspartate shuttle and glycolysis in the neuron.
Alanine/Lactate Shuttle
An alanine-lactate shuttle [53, 54, 92] has also been proposed and a version with carbon and nitrogen flows balanced with the glutamate/glutamine cycle is illustrated in Fig. 1c [36] . The series of reactions and transfers involved in coordination with the glutamate-glutamine cycle are shown in the equations below. 
The primary difference between the alanine/lactate and the BCAA/BCKA shuttles is that ammonia released by PAG is transferred to alanine by the combined action of GDH and alanine aminotransferase (AAT) (Eqs. 21 and 22) . Alanine is transported out of the neurons at a rate equal to V cycle , and taken up by the astrocytes (Eq. 23a). In the astrocytes the amino nitrogen of alanine is transferred to glutamate by the action of AAT (Eq. 25) producing pyruvate which due to the LDH equilibrium will mostly be converted to lactate. Ammonia is released from glutamate by the action of GDH working in the reverse direction (Eq. 26). Ammonia is then incorporated into glutamine through the GS reaction (Eq. 27) which will be transferred to the neurons. As with the BCAA/BCKA shuttle, nitrogen flows are intrinsically balanced by the coordinated action with the glutamateglutamine cycle. The carbon skeleton of alanine lost by the neuron can be replaced either by transport of lactate from the astrocyte to the neuron (Eq. 23b) via monocarboxylic acid transporters [55, 56] or through glycolytic production of pyruvate and subsequent oxidation of NADH by lactate dehydrogenase in the neuron [36] .
Glutamate TCA Intermediate Cycles
In addition to the glutamate-glutamine cycle other neurotransmitter cycles have been proposed in which TCA cycle intermediates, e.g., 2-OG, are transferred from the astrocyte to the neuron where glutamate is formed by GDH acting in the forward direction [9, [57] [58] [59] [60] . Recently, several variants of these alternate cycles were proposed in which ammonia balance between neurons and astrocytes was maintained by astrocytes transferring a glutamine molecule and a TCA cycle intermediate molecule to neurons in return for two molecules of neurotransmitter glutamate [36] . A diagram of one of these cycles, the Glutamate/Glutamine/2-Oxoglutarate cycle (GGO cycle), is shown in Fig. 3 and the component reactions given below:
Transfer Glutamine A À! 1=2Vcycle Glutamine N ð29Þ
From the standpoint of neurotransmitter cycling the GGO cycle differs from the glutamate/glutamine cycle in that for Fig. 3 Proposed alternate model for functional glutamate trafficking. The Glutamate/ glutamine/oxoglutarate cycle (GGO). Reproduced with permission from Maciejewski and Rothman [36] . The cycle is described in the text every two molecules of glutamate released by the neuron one molecule of glutamine and one molecule of 2-OG is released by the astrocyte and taken up by the neuron (Eqs. 28 and 29) using sodium coupled transport [61] . In the neuron the ammonia released from glutamine by the action of PAG is incorporated into 2-OG via GDH working in the forward direction (Eqs. 30 and 31). For every two glutamate molecules transferred to the astrocyte (Eq. 32) one is converted to 2-OG via the reverse reaction of GDH (Eq. 33) and the released ammonia is incorporated into glutamine via GS (Eq. 34). The subsequent equimolecular release of glutamine and 2-OG completes the cycle. The GGO cycle can be viewed as intrinsically having an amino acid shuttle component in which glutamate and 2-OG act in analogy with alanine and lactate in the alanine/lactate shuttle and BCAAs and BCKAs in the BCAA/BCKA shuttle. As with the amino acid shuttles, the GGO cycle depends upon GDH in the neuron and astrocyte working in opposite directions at a rate that is stoichiometric with glutamate neurotransmitter release (V cycle ). Carbon balance is maintained by the transfer of one 2-OG molecule (or equivalently, another TCA intermediate such as malate) and one glutamine molecule from the astrocyte to the neuron to balance the transfer of two neurotransmitter glutamate molecules from the neuron to the astrocyte. Nitrogen balance is maintained by the transfer of two glutamate molecules from the neuron to the astrocyte for every glutamine molecule transported out of the astrocyte and taken up by the neuron. Through coupling with glycolysis and the malate-aspartate shuttle, redox balance is also maintained [36] .
The GGO cycle differs from the BCAA/BCKA and alanine/lactate shuttles in at least two related and significant ways. First, in the GGO cycle, the additional amino acid the neuron transfers to the astrocyte (neurotransmitter glutamate) plays a central, functional role in synaptic neurotransmission. In the BCAA/BCKA and alanine/lactate shuttles, the neuron transfers a neutral, non-polar amino acid to the astrocyte. Second, in the GGO cycle, the neuron transfers this additional amino acid (glutamate) via the direct mechanisms of glutamatergic neurotransmission (i.e., vesicular transport into the synaptic cleft and subsequent uptake into the astrocyte). Therefore no mechanism is needed to explain how synaptic activity is coupled to the shuttling of ammonia as is the case with the other proposed shuttles.
Evidence for GDH Acting in Opposite Directions in the Neuron and Astrocyte A key requirement of all the proposed amino acid nitrogen shuttles is that GDH works in the forward direction in neurons and in the reverse direction in astrocytes. There is considerable evidence that GDH can support oxidative degradation of glutamate in astrocytes [62] [63] [64] [65] [66] [67] [68] [69] , and that this degradation is proportional to the concentration of extracellular glutamate [70] . In the direction of glutamate degradation, GDH produces ammonium ions and 2-OG and reduces NAD(P) to NAD(P)H. Paradoxically there is also considerable evidence for de novo synthesis of glutamate in astrocytes using GDH [8, 18, 20, [71] [72] [73] . The ability of the astrocytes to simultaneously support both glutamate synthesis and degradation and its implications for ammonia balance are discussed in ''Amino Acid Shuttles for Maintaining Nitrogen Balance''.
Based on differences in concentrations of the reactant and product species in the neuron relative to the astrocyte it has been proposed that GDH in the neuron works in the forward direction in which GDH consumes ammonium ion and 2-OG and oxidizes the reduced form of nicotinamide adenine dinucleotide (NADH) to NAD ? [62, 74] . However, there is relatively little in vivo evidence of GDH being active in this direction in the neuron in vivo and studies which reported active glutamate synthesis [75, 76] have been questioned based on the absolute rate being much lower than anaplerotic glutamate synthesis arising through astrocytic GDH [20, 21, 29, 31] .
The Purine Nucleotide Cycle as an Alternative to Ammonia Release by GDH In addition to GDH there are other pathways of ammonia production. A pathway of particular relevance to the production of ammonia in the brain is the purine nucleotide cycle [77, 78] , which is involved in the synthesis of adenosine mono phosphate (AMP) and a TCA cycle intermediate (fumarate). Free ammonia would then be released through the breakdown of AMP to inosine monophosphate (IMP). This cycle effectively regenerates AMP from its breakdown product, IMP, in a concerted two-step reaction (involving adenylosuccinate synthetase and adenylosuccinate lyase) converting aspartate to fumarate with hydrolysis of GTP to GDP and Pi. The net effect is the deamination of aspartate to release free ammonia. The enzymes of this pathway are very active in the brain, and more than sufficient to explain the rapid generation of ammonia during increased activity when energy turnover is high. Thus, ammonia production through this pathway must be viewed as a potential alternative to GDH as a source of glutamine amide nitrogen [41] . From the standpoint of the nitrogen shuttles described in this paper the purine nucleotide cycle could partially or completely replace the need for astrocytic GDH to act in the reverse direction if the amino nitrogen from neurotransmitter glutamate that enters the astrocyte through a GOG type of cycle was transferred by aspartate aminotransferase (AST) to aspartate and then aspartate and IMP were converted to fumarate and AMP by adenylosuccinate synthetase and adenylosuccinate lyase. Ammonia would then be released by the breakdown of AMP to IMP. Alternatively the nitrogen could initially be transferred to the astrocyte as a BCAA or alanine and be transferred to glutamate and then aspartate through the actions of BCAT, AAT, and AST. An alternate possibility is that the purine nucleotide cycle acts primarily in the neuron, as supported by the study of Knecht et al. [79] who found that AMP deaminase was localized to neurons and ependymal cells. If this is the case then the released ammonia would need to diffuse to the astrocytes in order to provide nitrogen for glutamine synthesis.
Glutamate Oxidation and Amino Acid Shuttles
In addition to the conversion of glutamate to glutamine in the glutamate/glutamine cycle astrocytes will degrade glutamate oxidatively in the TCA cycle [40, [63] [64] [65] [67] [68] [69] . Because neurons do not express pyruvate carboxylase in order to maintain neurotransmitter glutamate homeostasis a glutamine molecule must be synthesized by the astrocyte and returned to the neuron for every glutamate molecule oxidized. Based on in vivo studies in intact rats and humans the fraction of neurotransmitter glutamate that is oxidized and then resynthesized by anaplerosis is approximately 20 % of total glutamine synthesis in the astrocyte [18, 19, 21, [24] [25] [26] [27] [28] [29] [30] [31] [32] .
A paradox in astrocyte glutamate oxidation is that if it depended completely on GDH the enzyme would have to work in both the forward and reverse direction as shown by the reaction equations below:
Vcycle
Glutamate A ð36Þ
The first step in the complete oxidation of glutamate is deamination to 2-OG by GDH (Eq. 37). Further metabolism of 2-OG to malate occurs in the TCA cycle followed by successive actions of malic enzyme and pyruvate dehydrogenase complex (PDHC) producing acetyl-CoA (Eq. 38) which is oxidized to CO 2 in the TCA cycle. This series of reactions is referred to as pyruvate recycling and has been demonstrated in glial cell cultures [68, 80] . Because neurons lack pyruvate carboxylase the loss of glutamate through oxidation in astrocytes must be replaced by anaplerosis to avoid deficits in neuronal glutamate/ GABA neurotransmission. Astrocytes express mitochondrial pyruvate carboxylase (mPC) [2, 3] and cytosolic malic enzyme (cME) [81] . Because mPC is irreversible, this enzyme functions exclusively in the de novo synthesis of TCA cycle metabolites and their derivatives. However, cME has the potential to catalyze not only the carboxylation of pyruvate to form malate, but also the decarboxylation of malate to form pyruvate [82] [83] [84] and is believed to work primarily in the direction of pyruvate synthesis from malate in the astrocytes under normal conditions. An alternate possibility is that astrocytic oxidation of glutamate is initiated by transamination as has been concluded by several groups in the field [85] [86] [87] [88] . Hutson and coworkers formulated a version of the BCAA/BCKA shuttle which eliminates the need for bidirectional GDH through the use of mitochondrial BCAT to transaminate 2-OG to glutamate in the glutamine synthesis portion of this pathway [29, 37] . The reaction equations for this model describing the combined glutamate oxidation and glutamate resynthesis pathways in the astrocyte are given below and the model is shown schematically in Fig. 4 .
Transfer BCAA N À!
Vgluox
BCAA A ð47Þ
Vgluox
BCKA N ð48Þ
Vcycle
Glutamate A ð49Þ
Branched chain amino acids are transferred to the astrocytes from the neurons at a flux equal to the rate of glutamate oxidation (V gluox ) (Eq. 47) which is lower than the total rate of neurotransmitter glutamate release (V cycle ). Vcycle is defined here to include both neurotransmitter glutamate that is directly converted to glutamine as well as newly synthesized glutamine that is transferred to the neuron) (Eq. 49). As described above a fraction of the transferred glutamate is oxidized via the initial action of GDH (Eq. 50) followed by the TCA cycle and pyruvate recycling (Eq. 51). The need for having GDH work in the forward direction to produce glutamate is obviated by using mitochondrial BCAT m transfer the amino group from a BCAA to 2-OG (Eq. 53) forming glutamate. The ammonia released from glutamate earlier by GDH (Eq. 50) is used by GS to synthesize glutamine (Eq. 54). From the standpoint of balancing nitrogen flows needed for glutamate oxidation the following relationship holds for the net fluxes through neuronal and astrocytic BCAT and GDH.
In contrast if the BCAA/BCKA shuttle is supporting the ammonia needs of the entire glutamate/glutamine cycle the flux balance equations would be:
Alternatively the alanine/lactate shuttle may be used to supply the needed ammonia to support glutamine resynthesis to replace oxidized neurotransmitter glutamate. The equivalent flux balance equations to Eqs. 55 and 56 would be given for the lactate/alanine shuttle by replacing V BCAT with V AAT .
Evidence for Amino Acid Shuttles Transferring Ammonia from Neurons to Astrocytes from Cell/Tissue Studies and Enzyme Localization Studies
Evidence for the BCAA/BCKA shuttle have primarily come from 15 N and 14 C labeling studies in cell cultures [37, 46, 47] , and studies examining the compartmentation of the key enzymes in the shuttles [48] . Studies using 15 N labeled leucine have shown that in cultured glial cells it can act as a significant nitrogen precursor for glutamine formation consistent with the net direction of BCAT towards formation of the ketoacid as proposed in the BCAA/BCKA shuttle [46, 47] . Conversely in synaptosomes the predominant direction of transamination via BCAT is towards leucine synthesis [47] . Adding leucine to cultured glial cells will increase their rate of glutamine release consistent with their having an important role in glutamine synthesis [37] . In addition the isotopic dilution of 15 N labeled leucine in cultured glial cells and isolated retinas is much greater than that of U-13 C-leucine which is consistent with a high rate of transamination by BCAT relative to dilution by leucine released by protein breakdown [37, 47, 89] . Consistent with cytosolic BCAT c being used in the neuron for BCAA synthesis and shuttling, inhibition of cytosolic BCAT c by gabapentin in ex vivo rat retinas led to reduced leucine transamination and a reduction in de novo synthesis of glutamine and glutamate from 14 HCO 3 - [29, 37, 89, 90] . Additional evidence for an active BCAA/BCKA shuttle has come from enzyme localization studies [48, 90] . The activity of the mitochondrial and cytosolic forms of the BCAT enzyme are many times higher than the activity of branched-chain-keto-acid-dehydrogenase which is the first step in the oxidation of BCKAs which is consistent with the shuttle activity being considerably higher than net breakdown of BCAAs for energy and total nitrogen balance [48, 49] . The localization of the mitochondrial isoform BCAT m in the astrocytes and distribution of BCAT c in the neurons is consistent with their role in shuttling nitrogen to the astrocytes for de novo glutamate synthesis [29, 37, 48, 49, 89, 91] .
Similar to the BCATs the activity of alanine aminotransferase is high in the brain and labeling studies in cell culture have suggested that label can be transferred from neuronal alanine to glial glutamate and glutamine [53, 54] . However Bak et al. [32] reported no direct coupling between an alanine-lactate nitrogen shuttle and the glutamate-glutamine cycle in neuronal-astrocytic co-cultures, and that only the glutamate-glutamine cycle appears to be activity dependent. Some insight into the potential rate of ammonia transfer by the amino acid cycles may be obtained from studies in which isotopically labeled ammonia ( 13 N and 15 N) or 15 N labeled branched chain amino acid leucine was infused into rats and the rate of label incorporation into brain ammonia, glutamate, and glutamine pools was measured using magnetic resonance spectroscopy (MRS) or radioisotope methods. In the proposed BCAA/BCKA and alanine/lactate shuttles, neuronal GDH acting in the forward direction can incorporate ammonia produced from glutamine by glutaminase into 2-OG to produce glutamate. Therefore, if brain ammonia is isotopically labeled, then the initial flows of label into the N2 and N5 positions of astrocytic glutamine and neuronal glutamate are described by the following differential equations:
where *NH 3 is the fractional enrichment of ammonia (either 13 N or 15 N) and [*N2-Glu] and [*N5-Gln] is the total labeled concentration of glutamate and glutamine respectively. For the BCAA/BCKA and alanine/lactate shuttles the rates of neuronal GDH and GS (V GDHN , V GS ) must be equal to the rate of the glutamate/glutamine cycle (Eq. 56). Substituting V cycle for V GS and V GDHN in Eqs. 57 and 58 yields an equal initial rate of labeling of the N2 and N5 positions of glutamate and glutamine (Eq. 59). d=dt
For the GGO cycle the total flux into the N2 and N5 pools would be V cycle but the predicted initial rates of N5 and N2 labeling would be the same as described in Eq. 59.
Labeling of brain amino acids during acute infusion of 13 N and 15 N ammonia has been measured [18, 20, 93, 94] . In the seminal study of Cooper and co workers [94] tracer amounts of 13 N ammonia were infused into the carotid artery of awake rats and the labeling in the N2 positions of brain glutamate and glutamine and the N5 position of glutamine was measured at 20 min after the start of the infusion. The relative rate of 13 N2 labeling to 13 N5 labeling was approximately 1.5 % which is consistent with a very low rate of nitrogen incorporation by neuronal (or glial) GDH and amino acid shuttling. However an alternate explanation of the low ratio observed is that there is a large amount of dilution of ammonia label in the neuronal pool due to the high rate of PAG, especially at the early time point studied. Consistent with the possibility of a dilution is that the glutamate 13 N2 concentration was 5 times lower than the glutamine 15 N2 concentration (which should reflect the small astrocytic glutamate pool), although a lower rate of neuronal GDH is another alternative [20] . However arguing against dilution explaining the high N5/N2 ratio is that at the time point measured by Cooper and co-workers the amide glutamine nitrogen should have been highly labeled due to the high rate of the glutamate/glutamine cycle in awake rats [94] . In addition inhibition of GS by L-methionine-dl-sulfoximine (MSO) which would prevent trapping of labeled blood ammonia by the astrocytes did not lead to a significant increase in glutamate N2 labeling [94] .
Due to sensitivity limitations studies of 15 N labeling using 15 N ammonia by in vivo 15 N MRS have been performed under hyperammonemic conditions [18, 20, 30, 95, 96] . Under these conditions glial GDH may be induced to work in the forward direction due to elevated brain ammonia which should provide a maximum estimate of total brain GDH activity for trapping ammonia. Figure 5 shows the time courses of glutamine 15 N5 and glutamate plus glutamine 15 N2 during infusion of 15 N ammonia as measured by in vivo 15 N MRS [18] . The infusion raised plasma ammonia to approximately 0.39 mM which is considered to be hyperammonemic. During the initial 30 min of the infusion 15 N2 labeling was not detectable relative to the initial 15 N5 labeling which is proportional to V cycle . After 30 min 15 N2 labeling was detected and continued to increase at a constant rate. Using metabolic modeling it was calculated that the forward rate of GS was *30 % of the rate of glutamine synthesis (the rest being due to the glutamate/glutamine cycle). More recently Cudalbu and colleagues [20] used 1 H and 15 N MRS to simultaneously measure 15 N labeling and glutamine synthesis under similar conditions of acute hyperammonemia. As was found in the previous studies, the initial 15 N5 labeling of glutamate was much higher than the combined 15 N2 labeling of glutamate and glutamine. Using a two compartment metabolic model they concluded that the steady state N2 labeling rate corresponded to an anaplerosis rate that was 15 % of the rate of glutamine synthesis (0.3 lmol/g-min) with the remainder being due to the glutamate/glutamine cycle. The rate of anaplerosis matched the rate of glutamine accumulation during the infusion. In both of the 15 N MRS studies the rate of the glutamate/glutamine cycle was consistent given the level of anesthesia with studies using 13 C labeled substrates [18, 19, 21, [24] [25] [26] [27] [28] [29] [30] [31] 97] . The overall evidence from the in vivo labeled ammonia studies suggests that, even under conditions of presumably maximum stimulation (hyperammonemia) of ammonia fixation, the total forward activity of GDH is insufficient to support the ammonia needs of the glutamate/glutamine cycle, a conclusion also made by Cooper in a recent review [41] . The maximum rates of the BCAA/BCAT and alanine/ lactate shuttles compatible with the data are on the order of 15-30 % of total glutamine synthesis. Because the GGO cycle requires half the rate of ammonia transfer from the neuron as the glutamate/glutamine cycle the measured activity of GDH would be sufficient to support 30-60 % of the ammonia shuttling needs of total glutamate trafficking.
The very low rate of N2 labeling relative to N5 during the early period of the isotopically labeled ammonia infusion [18, 93] may be due to the dilution of the labeled ammonia in the neuron by PAG-mediated hydrolysis of unlabeled glutamate. An alternate explanation is that astrocyte GDH activity is stimulated by hyperammonemia which is consistent with the finding of higher fractional N2 labeling of glutamine compared with glutamate [17, 19, 83] although stimulation of oxidation has also been reported for neuronal GDH [74] . However, intriguingly the upper value for the forward GDH reaction is very similar to what has been measured by 13 C MRS for the fraction of anaplerotic glutamine production, consistent with the version of the BCKA/BCAA shuttle proposed by Hutson et al. [37, 90] discussed in ''Amino Acid Shuttles for Maintaining Nitrogen Balance''.
Labeled Leucine Studies
An alternate in vivo strategy used to study the role of the BCAA/BCAT shuttle has involved infusion or oral feeding of 15 N labeled leucine followed by the use of 15 N MRS or mass spectroscopy to measure 15 N labeled brain metabolites [98, 99] . Based on arterio-venous difference and transport studies leucine is the major branched chain amino acid taken up by the brain [90, [100] [101] [102] . In the study of Sakai and coworkers [98] [ 15 N] leucine was fed to awake rats and brain and plasma 15 N labeling was measured every hour over a 9 h period. The feeding regimen did not raise leucine levels enough to impact transport [101] so that the rates measured most likely reflect normal physiology. Total leucine uptake was determined from the accumulation of 15 N into the major brain amino acid pools and was 0.02 lmol/g-min which is nearly equal to the maximum rate of leucine uptake in vivo as reported by Smith and coworkers [101] . This rate is also similar to rates reported for glutamine efflux from the brain under normo-ammonemic conditions supporting an important role for leucine in maintaining overall brain nitrogen balance [18, 25, 26] . It should be noted that although this rate is quite low over the 9 h study it was sufficient to account for *50 % of the N2 labeling of glutamate and glutamine in the brain, and a similar fraction was found by Kanamori and coworkers using infused 15 labeled leucine [99] . Originally the finding that branched chain amino acids can replace much of the brain amino acid nitrogen pool was interpreted as indicating a very low rate of cycling of nitrogen between neurons and astrocytes. However, total amino acid labeling from the blood reflects the exchange of nitrogen between the brain and blood pools and does not provide information about exchange between internal metabolic compartments such as between neurons and astrocytes, as has been previously pointed out by Hertz [103] . The low rate of 15 N labeling from leucine is in agreement with findings from arterio-venous difference measurements that the total uptake of nitrogen from neutral amino acids (mainly leucine) by the brain from blood is nearly equal to the rate that nitrogen leaves the brain (primarily in the form of glutamine) [100, 102] . Figure 6 shows the time course of brain 15 N leucine and [U- 13 C] leucine labeling relative to plasma from the study of Sakai and coworkers [91] . Minimal dilution of [U- 13 C] leucine was measured consistent with a low rate of leucine dilution due to protein turnover and leucine oxidation (15 %) relative to dilution by BCAT activity (85 %). The low dilution was consistent with previous studies in cell models [37, 46, 47] and the earlier study in vivo using [ 14 C] leucine by Berl and Frigyesi [104] . Interestingly in the earlier 14 C study a glutamine to glutamate labeling ratio of greater than 1 was found implying compartmentation of leucine metabolism primarily in the astroglia.
N-
The rate of nitrogen exchange by BCAT (sum of neuronal and glial) was estimated from the dilution of brain leucine 15 N labeling relative to plasma leucine 15 N labeling using the following relationship (after adjustment for the low level of leucine turnover):
The rate V BCAT was found to be approximately 4-5 times higher than leucine transport with a flux of 0.1 lmol/ g-min. As shown in Fig. 2 in the awake rat the rate of the glutamate/glutamine cycle is between 0.5 and 0.6 lmol/gmin so that the in vivo activity of BCAT is sufficient to provide the nitrogen needed to support the approximately 20 % of glutamine synthesis that would be required to replace oxidized glutamate through the BCAA/BCKA shuttle as proposed by Hutson et al. [37, 90] .
Impact of Metabolic Heterogeneity
In the discussions in this paper it has been assumed that there is uniform metabolism within classes of neural cells, in particular astrocytes and glutamatergic neurons. However the interpretation of in vivo and in vitro data may be impacted by heterogeneity within cell neural classes as has been reported in cell cultures for mitochondria [105, 106] and mitochondrial pathways [107] . While the assessment of the potential quantitative impact of within cell class intracellular heterogeneity is beyond the scope of this paper, the rates of nitrogen metabolism reviewed here may be considered within class cell population averages to first order, and the mass balance requirements between neurons and astrocytes will not be affected. Future studies that compare different brain regions and cortical layers might provide fresh insight into the potential effects of metabolic heterogeneity. 
Conclusions
The high in vivo flux of the glutamate/glutamine cycle puts a large demand on the return of ammonia released by neuronal PAG from the neurons to the astrocytes in order to maintain nitrogen balance. We have reviewed several amino acid shuttles that have been proposed for balancing the nitrogen flows between neurons and astrocytes in the glutamate/glutamine cycle. All of these shuttles depend on GDH working in opposite directions in the neurons and astrocytes, catalyzing reductive glutamate synthesis (forward reaction) in the neuron in order to capture the ammonia released by PAG, while catalyzing oxidative deamination of glutamate (reverse reaction) in the astrocytes to release ammonia for glutamine synthesis. Reanalysis of results from in vivo experiments using 13 N and 15 N labeled ammonia and 15 N leucine in rats suggests that the maximum flux of the alanine/lactate or BCAA/BCAT shuttles between neurons and astrocytes are approximately 3-5 times lower than would be required to account for the ammonia transfer from neurons to astrocytes needed to support glutamine synthesis (amide nitrogen) to sustain the glutamate/glutamine cycle. However, in the rat brain both the total ammonia fixation rate by GDH and the total BCAT activity are sufficient to support a BCAA/BCKA shuttle, [37, 90] , which would be sufficient to support the de novo synthesis of glutamine in the astrocyte to replace the *20 % of neurotransmitter glutamate that is oxidized in the astrocyte. The same forward activity of neuronal GDH would support *30 to 60 % of the ammonia needs of glutamine synthesis if the brain used alternate neurotransmitter cycles in which neurotransmitter glutamate and astrocyte synthesized TCA cycle intermediates act as a nitrogen shuttle [36] . A limitation of all in vivo studies in animals conducted to date is that none have directly shown transfer of nitrogen for glutamine amide synthesis, either as free ammonia or via an amino acid shuttle from the neurons to the astrocytes. In addition there is little direct evidence that neuronal GDH accounts for the majority of forward GDH activity in the brain. Future work will be needed, perhaps using methods for selectively labeling nitrogen in neurons, to conclusively establish the rate of amino acid nitrogen shuttles in vivo and their coupling to the glutamate/glutamine cycle.
